Harnessing the immune system to fight cancer is an exciting advancement in lung cancer therapy. Antitumor immunity can be augmented by checkpoint blockade therapy, which removes the inhibition/brakes imposed on the immune system by the tumor. Checkpoint blockade therapy with anti-programmed cell death protein 1 (anti-PD-1)/anti-programmed death ligand 1 (anti-PDL-1) antibodies causes tumor regression in about 25% of patients with lung cancer. In another approach, the immune system is forced or accelerated to attack the tumor through augmentation of the antitumor response against mutations carried by each lung tumor. This latter approach has become feasible since the advent of next-generation sequencing technology, which allows identification of the specific mutations that each individual lung tumor bears. Indeed lung cancers are now known to have high mutation rates, making them logical targets for mutation-directed immune therapies. We review how sequencing of lung cancer mutations leads to better understanding of how the immune system recognizes tumors, providing improved opportunities to track antitumor immunity and ultimately leading to the development of personalized vaccine strategies aimed at unleashing the host immune system to attack mutations in the tumor.
there are no active mechanisms of cancer attack or the "accelerator" cannot be applied. It is becoming clear that one of the most powerful immune accelerators is likely to involve the induction or boosting of immune responses to mutated cancer-related proteins. 3, [8] [9] [10] Until recently, lung cancer was considered to be a nonimmunogenic tumor, 11 but there are now several lines of evidence that suggest otherwise; they also indicate that lung cancer may be amenable to immunotherapeutic approaches. Therefore, another attractive therapeutic approach is to identify cancer mutations and to create vaccines that "force" the patient's immune system to attack those mutations.
We will briefly discuss how the immune system recognizes lung cancer and then how the study of mutations in the cancer might lead to new immune therapies aimed at accelerating the host immune system to mount a strong attack against the tumor. We will also discuss how that will help us understand treatment responses and modify lung cancer therapies in ways that optimize anticancer immunity.
Immune Recognition of Lung Cancer Mutations
Cancers of the lung account for approximately 19% of worldwide cancer-related deaths. 12 Lung cancers, like most cancers, arise from the accumulation of mutations in the DNA that eventually disrupt the ability of a cell to manage interactions with its environment and control its proliferative state. 13 Most lung cancer mutations are sporadic and somatically acquired as errors in DNA replication or DNA damage caused by carcinogens, particularly tobacco smoke. With an average of seven to 10 somatic mutations per megabase of DNA, the mutation rate in lung cancers is one of the highest seen in human cancer. 14 There is a > 1,000-fold range in mutation load reported in individual lung cancers, and this mutational load correlates strongly with smoking history. 15 Some DNA mutations can result in the production of mutated proteins or protein fragments, and the immune system can detect some of these. 8, [16] [17] [18] [19] [20] [21] [22] [23] The mutated cancer proteins are commonly referred to as neoantigens: "neo" or new, because they are not normally expressed in the body and "antigens" because they appear to be foreign proteins that the immune system can recognize and may respond to.
Several lines of evidence support the notion that the T-cell arm of the immune system plays a pivotal role in immunosurveillance. Clearly demonstrated experimentally in animal models, although not yet proved in humans, T cells eliminate mutated cells at the earliest stages. 24 Furthermore, it has been consistently observed in multiple human tumor types that the presence of tumor infiltrating lymphocytes, and in particular killer cells or cytotoxic T lymphocytes (CTLs), is associated with better patient survival. 25 Simplistically, the tumor cell processes the mutant proteins such that small peptide fragments containing the mutation loads on to the cell's transplantation or major histocompatibility complex (MHC) molecules. The peptide/MHC assembly transfers to the cell surface, where specific T cells, the main component of cellular immunity, may detect and engage with them. 26 Successful tumor immunosurveillance requires a series of events to occur: Neoantigens released from the tumor are transported to the regional lymph nodes (mainly by migratory dendritic cells that uptake tumor neoantigen), alerting the immune system to the tumor's presence. Circulating CD8 T cells "see" those neoantigens in the lymph nodes and are activated and programmed to become CTLs. CTLs leave the lymph nodes and enter the tumor through the circulation. CTLs then overcome the immunosuppressive tumor microenvironment, engage the tumor cells, and exert killer functions such as secretion of apoptosis-inducing molecules and cytokines. The induction of tumor cell apoptosis releases more neoantigens that are ferried to the lymph nodes, creating a loop to promote an antitumor CTL response and tumor eradication. 27 Clearly, however, T cells eventually fail to eradicate the tumor in all patients with cancer. It is essential to understand the steps involved in generating a successful T-cell response if we are to understand (1) where the process is blocked in patients with lung cancer and (2) how we can develop new therapies to overcome these blocks. Failure of tumor eradication can occur because of various tumor-, microenvironment-, and immunerelated factors. There needs to be sufficient expression of neoantigens, and these neoantigens need to be presented in such a manner that the immune system recognizes them and also elicits a cytotoxic response at the tumor site. 28 This response then needs to overcome a tumor microenvironment that is possibly immune suppressive in which immunosuppressive molecules such as the T-cell checkpoint blocker PDL-1 are expressed and suppressive T-regulatory cells are present.
Effective therapy will require bypassing these suppressive factors. Encouragingly, they are not impossible to bypass, as checkpoint blockade therapy is effective in 25% of patients with lung cancer. Furthermore, patients with lung cancer, especially those with a smoking history, have a relatively high mutation burden and are likely to express a large number of neoantigens and hence be good targets.
Several lines of experimental evidence have suggested useful ways of improving the antitumor immune response, for example, countering immune-suppressive environments through checkpoint blockade, depletion of T-regulatory cells, or generating immune-activating environments through the provision of T-cell help 29 or the use of agents that mimic T-cell help, such as anti-CD40 30 or long peptide vaccines. 31 
How to Determine if Patients With Lung Cancer Have Immune Responses Against Neoantigens
Of the different techniques/assays available to detect and track neoantigen-specific T-cell responses, the enzymelinked ImmunoSpot assay (ELISPOT) remains the mainstay because it is a sensitive assay that requires a relatively low number of cells (< 1 million), can be performed on fresh or frozen T cells, and is a powerful tool to screen for multiple neoantigens regardless of MHC type. ELISPOT detects neoantigen-specific T-cell responses as blue dots in a well of a microtiter plate [31] [32] [33] [34] [35] [36] and quantifies T cells that produce cytokine such as interferon-g in response to neoantigens (Fig 1) .
Another common reagent used to study neoantigenspecific T cells is peptide MHC multimers. Individual neoantigen peptide bound to MHCs (peptide MHC [pMHC]) can be synthesized as monomers, but each pMHC monomer binds to a specific T-cell receptor at low affinity. pMHC complexes can be cross-linked to form multimers to increase the strength of binding to T-cell receptors and are used as reagents to detect antigen-specific T cells by flow cytometry. 37 Most commonly, neoantigen-specific T cells detected by multimers are costained with antibodies against checkpoint molecules, such as PD-1, T-cell immunoglobulin and mucin-domain containing-3, and cytotoxic T-lymphocyte-associated protein 4, and are then sorted, isolated, and expanded in vitro for further analysis. 16 Multimers have successfully been used as a screening tool for neoantigen-specific T-cell detection. Neoantigens identified using next-generation sequencing reduced tumor growth when used as a therapeutic vaccine in three recently published mouse models (response of 60%-85% in a total of 40 mice 32, 33, 38 ). Only one human neoantigen vaccine study has been published thus far. In patients with melanoma, 41 neoantigen vaccine induced immune anticancer activity.
It is likely that neoantigen vaccination will be synergistic with other forms of therapy, especially therapies that block inhibitory immune checkpoints. In any patient responding to checkpoint blockade, an antitumor immune response must already exist, and boosting those responders by vaccination might prove useful. Vaccination could be synergistic with certain chemotherapeutic agents. Chemotherapy can kill tumor cells in ways that can be immunogenic-for example, by delivering large loads of tumor antigen to the lymph nodes and subsequently activating T cells. 42, 43 Gemcitabine, which is often used in lung cancer, is a good example of a chemotherapeutic drug that is immunogenic.
42,44
Furthermore, we recently made the surprising observation that the size of the postchemotherapy "rebound" burst of lymphocyte proliferation in patients with lung cancer and mesothelioma correlated with overall survival. 45 These proliferating T cells may be responding to neoantigens that have been "unmasked" by chemotherapy. This is currently being tested, and if it proves to be so, vaccinating with neoantigens could be another treatment option that is synergistic with chemotherapy.
Tracking Neoantigen Responses Could Generate Improved Lung Cancer Therapy
Because effective immunotherapy restores the antitumor response, it is crucial to understand at which point the neoantigen CTL response is blocked-for example, if strong neoantigen-specific T-cell responses are present in a nonresponder to immunotherapy, a block is likely to be present at the tumor level, and treatments that augment immunosuppression at the tumor would be appropriate. If, however, neoantigen responses are not detectable at all, a failure at the T-cell level is likely, and a vaccination or adoptive T-cell transfer approach might be needed to boost the T-cell response. Hence, tracking neoantigen-specific CD8 T-cell responses enables dissection of the reasons for the success/failure of immunotherapy.
Being able to track neoantigen-specific responses will also help clinicians make treatment decisions regarding the immunogenicity of the chemotherapy they are using for their patients with lung cancer. Responses may be optimal only in those individuals who have a strong antitumor immune response. Thus alterations in the type, combinations, dose, or schedule of therapy could be made to optimize immunogenicity.
Neoantigen Therapy in the Clinic
Although it has yet to reach the clinic, this is what current research predicts neoantigen therapy in the clinic might look like (Fig 2) .
At Diagnosis
Patients would have their MHC variants determined by standard HLA typing (because T-cell recognition of neoantigens is MHC dependent), and their tumor would be sampled. Approximately 2 to 4 mg of high-quality tumor nucleic acid, that is, about 5 to 10 mm 3 of tumor sample, is necessary for sequencing. The exact amount of clinical specimen required by biopsy, endobronchial ultrasonography, or cytologic sampling depends on the percentage of viable tumor cells present. Tumor DNA and RNA sequencing, calling of mutations, prediction and selection of neoantigens, and synthesis of a vaccine will take approximately 1 to 2 months. The combination of DNA and RNA sequencing ensures high confidence in the predicted mutations and in identifying which mutations the tumor potentially expresses.
As the mutation burden, and hence neoantigen profile, of each patient with lung cancer will be different, the therapy administered will be personalized. Subgroups that possibly benefit most from neoantigen vaccination include patients with high mutational burden-for example, those with non-small cell lung cancer and a smoking history or those with PDL-1 expression within the tumor microenvironment. However, this cannot be prejudged at this stage. To date, most neoantigen studies focus on single nucleotide variations that lead to amino acid substitutions. Peptide sequences resulting from these mutations are put through bioinformatics algorithms, and mutated peptides predicted to bind to their particular MHC class I molecules are synthesized.
T-Cell Testing
The patient's blood, lymph node, and tumor lymphocytes can then be tested to determine which of these peptides they respond to. Not every center relies on this step, including our own, because it adds time and is the most uncertain step in the pipeline. 41 
Vaccination
Patients will receive the vaccine as an outpatient. Depending on the local logistical and regulatory conditions, neoantigen vaccines are administered either as peptides or DNA or RNA constructs. In the case of peptide vaccines, five to 10 mutant peptides (each 27-30 amino acids long) are selected based on predicted strongest binding affinity to HLA, using prediction algorithms such as Immune Epitope Database 9 and netMHCpan. 41 In some cases, expression of mutated peptides on tumor cells are validated by mass spectrometry and then selected. 38 The selection of a pool of five to 10 peptides is a practical approach combining reasonable cost with the likelihood of administering at least one to two strong antigens from that pool plus reducing the chances of immunoselection of resistant cells (akin to multiple drug therapy of tuberculosis or HIV infection).
Peptide vaccines will be administered with adjuvants, which can be various pharmacologic or immunologic agents that enhance the immune response to the delivered neoantigen vaccine. Possible adjuvants to include in the vaccine are Hiltonol (poly-ICLC) (Oncovir, Inc.) which signals through the toll-like receptor 3 danger pathway to induce inflammatory peptide-specific T-cell responses, and Montanide (Seppic), an oil-based adjuvant that forms a depot so that peptide is released slowly from the vaccination site. Neoantigen preclinical studies 31, 32 and vaccination trials with long peptides 46 have shown that when used in tandem, these adjuvants cause the immune system to generate a strong neoantigen T-cell response, which would not be achieved by administering peptide alone.
The vaccination schedule would involve repeated vaccination over the first few weeks (to simulate a viral infection) and then boosters on subsequent clinic visits. Multiple vaccinations are required to generate a strong long-lasting T-cell response. Preclinical studies suggest that two to five vaccinations are required for an adequate antitumor response. 31, 32 The exact number of vaccinations required to generate an adequate immune response in a human is still unknown, as it would depend on the immunogenicity of the peptide and the tumor burden. Monitoring the neoantigen T-cell response after each vaccination would provide insight into this issue.
Combination With Other Therapies
It is probable that this therapy will ultimately be used with checkpoint blockade therapies and immunogenic chemotherapies. The role of neoantigen vaccines in radiotherapy or in conjunction with surgery is yet to be determined.
Testing Host Response to Neoantigens
Before, during, and after therapy, T-cell responses to the patient's particular neoantigens will be assayed to enable evaluation of any correlation between the nature, strength, and range of responses with clinical outcomes. journal.publications.chestnet.org
Conclusions
In conclusion, analysis of lung cancer mutations combined with immunological assays to evaluate the host response to mutated proteins might lead to new vaccination therapies aimed at forcing the host immune system to attack the tumor and also help us improve therapeutic decision-making in patients with lung cancer.
